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INTEGRATED DIRECT CURRENT CONVERTER 

The present invention relates to direct - 
current converters. In particular, the invention con- 
cerns a chopper- type direct -current converter, a chop- 
5 per- type regulator and methods for forming these. 

BACKGRODND OF THE INVENTION 

Today, power source constructions aim at a 
minimum size and a maximum power density, in other 

10 words, the aim is to maximize the power to volume ra- 
tio of the power source. An obstacle to the reduction 
of the size of power sources is the physical size of 
the components and the problem of heat production. The 
physical size of electronic components, especially 

15 semiconductors, is continuously diminishing. The larg- 
est components in a power source are magnetic con^o- 
l nents, such as transformers and filter coils. The size 
of the magnetic components can be reduced to a certain 
limit by increasing the switching frequency of the 

20 semiconductors. However, an obstacle to increasing the 
frequency are the losses occurring in the core mate- 
rial of magnetic components and in semiconductors as 
well as the generation of heat in power sources. If 
the size of the power source is reduced while the 

25 power dissipation remains the same, the surface area 
emitting heat to the environment is usually also re- 
duced, resulting in a rise in the temperature of the 
power source. The heat produced is detrimental to 
other components as well when the power sour-ce is 

30 placed close to other electronics. 

By increasing the switching frequency, it is 
possible to reduce the size of the magnetic compo- 
nents, but a high frequency results in further losses. 
It is not sensible to increase the frequency beyond a 
35 few hundred kilohertz. A space saving has also been 
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achieved by replacing traditional tall wire-wovmd mag- 
netic components with low planar structures. 

Increasing the switching frequency from the 
present level to a level sufficient to allow a reduc- 
5 tion of the size of magnetic components is not a vi- 
able solution in view of the overall effects. The ef- 
fects produced in the windings by parasitic elements, 
such as e.g. the losses due to hysteresis of the core 
material and "switching losses, are increased. The work 

10 performed by magnetic hysteresis cannot be restored 
into electric energy; instead, it is converted in the 
core material into losses, which again increase the 
temperature of the core material . 

Hysteresis losses are increased as the fre- 

15 quency and the alternating component of the magnetic 
flux are increased. Hysteresis losses account for a 
substantial portion of the total power dissipation oc- 
curring in a magnetic component, such as a transformer 
or coil . Coil structures get saturated above a certain 

20 load current. The advantage achieved by reducing the 
size of magnetic components is not in proportion to 
the additional costs arising from the increased power 
losses. 

One method for reducing the size of magnetic 
25 components is to integrate several magnetic components 
around the same magnetic core. Specification US 
55554 94 presents a structure in which several magnetic 
components have been integrated around the same mag- 
netic core. In the construction, an E-type magnetic 
30 core is utilized in which each side leg has an air gap 
while the center leg is of a continuous structure. In- 
tegrated around the magnetic core are the transformer 
windings and filter coils used for filtering the out- 
put voltage of the converter. In this solution, the 
35 filter coils are placed around the side legs of the 
magnetic core. 
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The object of the present invention is to 
eliminate the problems referred to above. A specific 
object of the invention is to disclose a new type of 
direct -current converter and a chopper- type regulator 
5 in which the transformer windings and the output volt- 
age filtering coils are integrated on the same mag- 
netic core. A further object of the invention is to 
disclose methods for forming a converter and a regula- 
tor as specified above. 

10 

BRIEF DESCRIPTION OF THE IWENTION 

The invention concerns a method for forming a 
chopper-type direct -current converter. In this case, 
the direct -current converter is transformer coupled, 

15 so the current supply to the converter is isolated. In 
other words, there is no galvanic connection between 
the primary and secondary sides of the converter. The 
magnetic core of the converter comprises a first and a 
second side leg, the ends of which are connected to 

20 each other by end pieces, and a center leg provided 
with an air gap and connected to the end pieces be- 
tween the first and the second side legs. The magnetic 
core is preferably an E-type structure. Disposed 
around the magnetic core are a primary winding, a sec- 

25 ondary winding and a filter coil for the secondary 
side- In the method of the invention, the filter coil 
is placed around the center leg. The primary and sec- 
ondary windings are so arranged around the side legs 
that the magnetic flux produced by them flows in the 

30 same direction with the magnetic flux of the filter 
coil . 

In a preferred embodiment of the invention, 
four windings are provided on the primary side of the 
converter, connecting two windings in series around 
35 the first and second side legs. The windings are so 
arranged around the side legs that the magnetic flux 
generated by the windings flows in the same direction 
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on each side leg. Further, on the secondary side of 
the converter, two windings are arranged around the 
first and second side legs so that the magnetic flTox 
produced by the windings flows in the opposite direc- 
5 tion relative to the primary winding placed on the 
same side leg. The direction of the magnetic fluix is 
the same on each side leg when the magnetic flux can 
be thought of as circulating around the magnetic core, 
the path.of-the flux consisting of the side legs and 
10 the end pieces. Thus, the magnetic flux in the first 
side leg intensifies the magnetic flux in the second 
side leg. 

In an embodiment, the primary windings are 
controlled by means of a first and a second switching 
15 element. Moreover, two capacitors are provided on the 
primary side, the first capacitor being connected be- 
tween the switching elements and the second capacitor 
in parallel with the supply voltage. 

In another embodiment, two switching elements 
20 and two capacitors are provided on the primary side of 
the converter, the first switching element being con- 
nected between two primary windings and the second 
switching element correspondingly in series between 
the other two primary windings. In addition, the first 
25 capacitor is connected from the first side of the 
first switching element to the second side of the sec- 
ond switching element, and the second capacitor is 
connected from the second side of the first switching 
element to the first side of the second switching ele- 
30 ment. The two sides of the switching element may be 
understood in different wciys depending on the switch- 
ing element; for example, in a MOSFET transistor, the 
drain is the first side and the source is the second 
side; similarly, e.g. in a bipolar transistor, the 
35 emitter may be the first side and the collector the 
second side. This definition may be made in accordance 
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with the switching element in question, in a manner 
known to the person skilled in the art. 

In an embodiment, four windings are provided 
on the primary side of the converter, two windings be- 
5 ing connected in series around the first and the sec- 
ond side legs in such manner that the magnetic flux 
produced by the windings flows in the same direction 
on each side leg, the othei: two windings being so con- 
nected that the direction of the magnetic flux pro- 

10 duced by them on the same side leg is opposite to the 
flux of the first two windings. Further, two switching 
elements and a capacitor are provided on the primary 
side, the first switching element being connected by 
one end in series with two primary windings and by the 

15 other end to the second pole of the supply voltage. 
The second switching elemeiat is connected in a corre- 
sponding manner with the other two primary windings. 
The capacitor is connected in parallel with the supply 
voltage . 

2 0 In an embodiment, two switching elements, two 

capacitors and two windings are provided on the pri- 
mary side in such manner that the switching elements 
and the capacitors form ci half bridge circuit. The 
windings are so connected that the magnetic flux pro- 
25 duced by the windings flows in the same direction on 
each side leg and the windings are connected by one 
end between the switching elements and by the other 
end between the capacitors . 

In an embodiment, four switching elements, a 

3 0 capacitor and two windings are provided on the primary 

side in such manner that the switching elements form a 
full bridge circuit. Moreover, the capacitor is con- 
nected in parallel with the supply voltage. The wind- 
ings are connected in series so that the magnetic flxix 
35 produced by the windings flows in the same direction 
on each side leg and the windings are connected by one 
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end betv7een two of the sv/itching elements and by the 
other end between the other two switching elements. 

The above -de scribed embodiments may be com- 
bined with various embodiments of the secondary side. 
5 In one embodiment, the first end of the filter coil 
winding is connected between the windings on the first 
and the second side legs and its second end is con- 
nected to the first pole of the output voltage of the 
converter.. 

10 In an embodiment, a third and a fourth 

switching element are provided on the secondary side, 
connected in series with the secondary winding, and 
the second pole of the output voltage of the converter 
is disposed between the third and the fourth switching 

15 elements. It is also possible to replace the switching 
elements with diodes. In this case, the secondary side 
is provided with a first and a second diode connected 
in series with the secondciry winding, and the second 
pole of the output voltage of the converter is dis- 

20 posed between the first and the second diodes. 

In an embodiment, at least two different 
voltage outputs are provided on the secondairy side, by 
providing two windings around the first and the second 
side legs for each voltage output. The voltage outputs 

25 may either be floating or they may have a common 
ground . 

The invention also concerns a method for 
forming a chopper-type regulator, comprising a mag- 
netic core as described above, with two windings and a 

30 filter coil placed around it. The regulator differs 
from the converter in that a galvanic connection ex- 
ists between the input and output voltages. In the 
method, a filter coil is disposed around the center 
leg and the windings are placed around the side legs 

35 so that the magnetic flux produced by them flows in 
the same direction with the magnetic flux of the fil- 
ter coil . 
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The invention further concerns a chopper-type 
direct -current converter which comprises a magnetic 
core, a secondary winding and a secondary side filter 
coil, as described above. In the converter of the in- 
5 vention, the filter coil is wound around the center 
leg and the primary and secondary windings are wound 
around the side legs so that the magnetic flux gener- 
ated by them flows in the same direction with the mag- 
netic flux of the filter coil . 

10 Moreover, the invention concerns a chopper- 

type regulator comprising a magnetic core as described 
above, two windings and a filter coil. According to 
the invention, the filter coil is arranged around the 
center leg and the windings are arranged around the 

15 side legs so that the magnetic fliox generated by them 
flows in the same direction with the magnetic flxix of 
the filter coil . 

The advantages of the invention include the 
fact that the power source can be designed around a 

20 single standard type magnejtic core. This allows con- 
siderable advantages to be achieved both in design and 
in manufacture. The solution presented allows more ef- 
fective Utilization of the capacity of the magnetic 
flux density. Reducing the number of separate filter 

25 coils decreases the size of the power source and 
therefore improves its power density. At the same 
time, the magnetic core can be relatively effectively 
utilized. In large production quantities, significant 
cost savings in core material are achieved. 

30 As compared with the traditional transformer 

solution, the flux variation on the center leg is di- 
minished, resulting in smaller hysteresis and eddy- 
current losses in the magnetic core. 

Thanks to the structure of the input stage, 
35 the drawbacks resulting fi'om the - capacitance between 
large primary windings typical of the push-pull topol- 
ogy can be eliminat-ed, thus eliminating the larg« cur- 
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rent peaks at turn-on of the power semiconductors. 
This feature reduces the need for filtering in current 
measurement and it also reduces the current load of 
the semiconductors. As the decoupling capacitor be- 
5 tween the primary switches is charged while the 
switches are in the non- conduct ion state, this pro- 
duces a continuous primary current with a very low 
ripple. No separate input filter coil is needed, and 
the electromagnetic interference (EMI) of the input is 

10 very small. 

In the continuous operating range, the energy 
stored in the center leg air gap produces a continuous 
current at the output regardless of the position of 
the primary switches. This energy is partly discharged 

15 via the side leg windings and partly via the center 
leg winding. Therefore, no separate filter coil is 
needed at the output. In addition, the side leg secon- 
dary windings conducting in push-pull mode allow the 
use of full wave rectification in which the current 

20 load can be distributed equally between two compo- 
nents . 

As compared with buck and flyback type power 
source solutions, the magnetic material can be effec- 
tively utilized because magnetization on the side legs 
25 of the core occurs in different directions depending 
on the switching cycle. For the same reason, full wave 
rectification and other full wave converter principles 
can be utilized in the analysis. 

When considering the operation of the compo- 
se nent, we can see that the magnetizing inductance of 
one transformer is in series with the other trans- 
former. Therefore, in respect of its properties, the 
component is in a manner a current -fed transformer. 
Because of this property, current mode control is very 
35 well applicable in the control of the component. The 
series connection of the magnetizing inductance pro- 
vides an advantage especially in cases of output short 
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circuit and other failure situations, preventing un- 
controlled increase of the current . 

With the reduction in the operating voltages 
of electronic circuits, it has become necessary to de- 
5 velop various synchronous rectification methods. The 
topology described in the present application is also 
well applicable for use in conjunction with synchro- 
nous rectification. 

10 LIST OF ILLUSTRATIONS 

In the following, the invention will be de- 
scribed by the aid of a few examples of its embodi- 
ments with reference to the attached drawing, wherein 

Fig. la and lb present diagrams representing 
15 an embodiment of the direct -current converter of the 
invention; 

Fig. 2 represents a prior-art switched-mode 
power supply; 

Fig. 3 represents an input stage according to 
20 an embodiment of the present invention; 

Fig. 4 illustrates the curve forms of the 
currents in the input stage presented in Fig . 3 ; 

Fig. 5 shows the directions of the magnetic 
fltix in different switching situations; 
25 Fig. 6a - 6d present embodiments for use as 

primary side circuits; 

Fig. 7a - 7d present embodiments for use as 
secondary side circuits; and 

Fig. 8a and 8b present different endDodiments 
30 for use as chopper regulators. 

DETAILED DESCRIPTION OF THE INVENTION 

Fig. la and lb present the structural princi- 
ple of the direct -current converter of the invention. 
35 The direct -current converter converts a d.c. input 
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voltage into a d.c. output voltage. In the figures, 
the following notation and abbreviations are used: 

Ui is the voltage source feeding the converter; 

Ci is an input filter capacitor; 
5 A and B are primary side switching elements; 

CI is a capacitor between the primary windings; 

PI - P4 are primary windings distributed on the 
side legs; 

SI and SZ are secondary windings distributed on 
10 the side legs; 

Sc is a secondary winding on the center leg; 
A' and B' are secondary side switching elements or 
■ diodes of a diode rectifier; and 

Co is an output filter capacitor. 
15 In the figures, the dot markings on the wind- 

ings indicate the polarity of the windings with re- 
spect to winding PI. CT is a current measuring trans- 
former connected in series with the primary windings 
of the component , used in current mode control . The 
2 0 magnetic core M is an E-t>pe ferrite core preferably 
made in a planar form. The magnetic core M comprises 
two side legs MSI, MS2 . The side legs MSI, MS2 are 
connected to each other via end pieces MPl, MP2 . The 
side legs MSI, MS2 and the end pieces MPl, MP2 form a 
2 5 substantially continuous structure having no air gaps 
in it. The center leg MK has been fitted between the 
side legs MSI, MS2 by connecting it to the end pieces 
MPl, MP2. The center leg MK is provided with an air 
gap G. 

30 The primary windings PI - P4 have been wound 

around the side legs MSI, MS2 so that two windings are 
connected in series around opposite side legs. Thus, 
e.g. primary winding PI has been wound around side leg 
MSI and primary winding P2 around side leg MS2 . The 

35 winding direction of the v/indings, is such that the 
magnetic flux generated by them can be thought of as 
circulating in the same direction along the outer 
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"circle" of the magnetic core M consisting of the side 
legs MSI, MS2 and the end pieces MPl, MP2. The secon- 
dary windings SI, S2 have been wound around the side 
legs MSI, MS2 and the filter coil Sc around the center 
5 leg MK- 

Fig. 2 illustrates a prior-art push-pull 
power source with the magnetic components placed in 
separation from each other. The topology of the inven- 
tion optimizes the size and amount of magnetic compo- 
10 nents of a DC-DC switched-mode power supply (DC, Di- 
rect Current) in that the input current filtering coil 
Li, the transformer XI and the output current filter- 
ing coil Lo of a push-pull power source as presented 
in Fig . 2 are integrated in the same component . 
15 In the solution of the invention, the primary 

circuit consists of a special input stage decoupled by 
a capacitor Cl, in which the adverse effects of stray 
capacitance appearing in the windings have been elimi- 
nated. The actual primary winding PI - P4 consists of 
20 a series connection of the primary windings P1-P2 and 
P3-P4 of two symmetrical transformers. The transform- 
ers are symmetrically disposed on the side legs MSI, 
MS2 of the magnetic core M. Regardless of the special 
input stage, the regulating circuit used may be an or- 
25 dinary regulating circuit operating on the current 
mode principle of a push-pull power source. 

The supply of the input voltage Ui to the 
primary windings PI - P4 can be divided in time into 
two half -cycles, a separate half -cycle being supplied 
30 to each primary winding P1-P2, P3-P4 as in ordinary 
push-pull topology. During the first half-cycle, one 
of the secondary windings on the side legs and the 
winding on the center leg conduct the current induced 
in the secondary winding by the primary current as 
35 well as the energy stored in the respective half of 
the magnetic core during the preceding half of the 
switching cycle into the secondary winding. At the 
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same time, energy is stored in the magnetic flvix of 
the non-conducting secondary winding. During the next 
half of the switching cycle, the roles of the windings 
are reversed. In principle, the situation is such that 
5 one of the side legs MSI, MS2 functions as a current 
transformer while the other one is acting as a coil . 
At the instant when neither one of the switches A, B 
is conducting, the input current flows through the 
primary windings into the capacitor CI, smoothing the 
10 current pulses. Therefore, the input need not be pro- 
vided with a filter coil. At the output, the energy 
stored in the magnetic core M is correspondingly dis- 
charged via the two secondary windings SI, S2 and the 
center leg winding Sc, so there is no need for a sepa- 
15 rate output filter coil. 

Let us consider the operation of the input 
stage in a static operating situation where the output 
current lo and output voltage Uo are constant. In this 
case, the input current and the width of the control 
20 pulses of the switches A, B are constant as well. In 
an analysis of the operating principle of the input 
stage, the secondary side of the magnetic components 
can be considered as being ideal in respect of stray 
inductances and stray capacitances. The primary side 
25 can be depicted as a separate assembly as in Fig. 3, 
where li is the current source feeding the structure, 
Ci is an input filter capacitor and CI is a decoupling 
capacitor between the windings. PI and P2 are the pri- 
mary windings and A and B are the primary switches. At 
30 this point of the analysis, the capacitors are assumed 
to be very large. The magnetic coupling between the 
windings is denoted by dots so that when a positive 
voltage is applied to the dotted end of the winding, a 
positive voltage is induced in the dotted end of the 
35 other winding. The positive direction of the currents 
is indicated in the figure by arrows. 
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Referring to Fig. 4, let us now consider the 
curve forms of the currents in different components. 
The current source li continuously supplies a constant 
current. At instant to, switch B is kept non- 
5 conducting and switch A is turned on, whereupon a cur- 
rent flows from the current source li and the input 
filter capacitor Ci through winding Pi. At the same 
time, the capacitor between the windings is discharged 
through winding P2 and switch A, Thus, switch A con- 
10 ducts the current of both winding PI and winding P2 . 
Considering the polarity of the current supplied to 
windings PI and P2, we can see that the current flows 
in at the dotted end of each winding. Therefore, both 
windings magnetize the magnetic core M in the same di- 
15 rection and power is transferred to the conducting 
secondary winding. The slow increase of the current is 
due to the magnetization inductance caused by the mag- 
netic core M. During the switching cycle, the capaci- 
tors Ci, CI smooth out the ripple of the current, so 
20 they are discharged. 

At instant tl, switch A is turned on and 
switch remains in the non-conducting state, so no cur- 
rent is flowing through either one of the switches A, 
B. The capacitors CI, CI were discharged during the 
25 previous switching cycle, so they are charged by the 
current supplied. The current supplied now flows 
through both of the primary windings PI , P2 . Observing 
the polarity of the current, we can see that the cur- 
rent is flowing in through the dotted end of winding 
30 PI and out through the dotted end of winding P2 . Oppo- 
site magnetization of the windings means that the pri- 
mary winding is not transferring any energy to the 
output and no energy is being stored in the magnetic 
flux of the magnetic core M, either. For this reason, 
3 5 the current supplied to the primary side remains con- 
stant between instants tl - t2 , and no significant 
power losses occur. 
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Switch B is turned on at instant t2 while 
switch A remains in the non-conducting state. The cur- 
rent fed in begins to flow between switch B and 
through winding P2 while capacitor CI is being dis- 
5 charged through switch B and winding PI. Observing the 
polarity of the currents in the windings, we can see 
that the current is flowing out through the dotted end 
of each winding, power being thus transferred to the 
secondary side while energy is stored in the magnetic 
10 flux of the magnetic core M. The capacitors CI, CI are 
discharged, smoothing out the ripple of the current. 
It can be seen that, in respect of magnetization of 
the core M and power transfer to the secondary side, 
switching cycle t2 - t3 is in opposite phase as com- 
15 pared with time interval tO - tl. 

During time interval t3 - t4, neither one of 
the switches A, B is conducting and current is flowing 
through both primary windings PI, P2, charging the ca- 
pacitors CI, CI without transferring energy either to 
20 the secondary side or to the magnetic core M. This 
time interval is identical with time interval tl - t2. 
At instant t4, switch A is turned on, and this instant 
corresponds to instant tO. 

As compared with the conventional push-pull 
25 primary construction, the present design provides the 
following advantages. During the switching cycle of 
the semiconductors, only one of the primary windings 
in a conventional push-pull primary arrangement con- 
ducts all the current . As only one of the primary 
30 windings is conducting, the current density in the 
winding is increased, giving rise to resistive losses. 
As the current in the construction described flows 
through both primary windings, the entire primary side 
windings are made effective use of and the current 
35 density in the windings is considerably reduced. In 
addition to the reduction of current density, the ef- 
fective value of the winding currents and the content 
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of harmonic frequencies are smaller than those of the 
switched currents. As a result of these circumstances, 
the losses in the windings are smaller than in a con- 
ventional push-pull implementation. Alternatively, the 
5 windings can be implemented using wires of a smaller 
cross - section . 

A significant advantage is achieved in the 
capacitance between the primary windings Pi, P2 . The 
primary windings of a normal push-pull transformer are 
10 made by winding two wires at the same time so that the 
turns of the two windings lie very close to, each 
other. This manner of winding results in capacitance 
between the windings. At turn-on of the semiconduc- 
tors, this capacitance is suddenly discharged, produc- 
15 ing a large current spike. The current spike again in- 
creases the current load on the semiconductors. In ad- 
dition, stray capacitance causes oscillation with 
parasitic inductances. The current spike is a source 
of problems in current mode control , where a measured 
20 current value is used as a feedback quantity. To pre- 
vent incorrect operation, the current spike has to be 
filtered out from the measurement signal . The filter- 
ing again results in a delay in the feedback loop and 
may impair the stability of the system. 
25 In the topology presented, the primary wind- 

ings PI - P4 can be wound around the core M in the 
same way as in traditional push-pull topology. A ca- 
pacitance appears between the windings as in the case 
discussed above. This time, a capacitor is placed be- 
30 tween the windings, and the switches A, B are rear- 
ranged as in Fig. la. We can observe that the capaci- 
tance between the windings PI - P4 is almost negligi- 
ble as far as the switching action is concerned. A ca- 
pacitor is connected between the windings to increase 
35 AC coupling between the ends of - the windings, i.e. 
stray capacitance. This construction eliminates 
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switching current spikes and reduces the need for fil- 
tering in current measurement. 

The most important properties of the input 
stage relate to the problems arising from stray indue - 
5 tance. In the construction used, the energy of stray 
inductance can be returned to the supply voltage, so 
the losses are diminished. In the conventional push- 
pull construction, large voltage spikes appear in the 
turn-off. transient of the primary switches. The struc- 
10 ture of the input stage effectively limits the spikes 
to a magnitude of twice the supply voltage . 

To understand the operation of the component, 
we can consider the component as consisting of two 
separate transformers as illustrated in Fig, ib. The 
15 first transformer Tl consists of primary windings PI, 
P3 and secondary winding S2 . The second transformer T2 
correspondingly consists of primary windings P2, P4 
and secondary winding SI. Each one of the primary 
windings PI - P4 has an equal number of turns. Like- 
20 wise, both secondary windings SI, S2 have the same 
number of turns. The desired transformation ratio is 
determined by the proportion of the numbers of turns 
in the primary and secondary windings. The choice of 
the transformation ratio depends on the range of 
25 variation of the input voltage and on the desired 
level of output voltage. Connected to the output is a 
filter coil Sc to smooth out the ripple of the cur- 
rent. The primary windings of the transformers are 
connected in series, the dots in the transformers in- 
3 0 dicating the direction of current flow. If the current 
in the primary winding flows in through the dotted 
end, then the current in the secondary winding flows 
out through the dotted end. The magnetic cores pro- 
vided with air gaps have been so selected that the air 
35 gap can store an amount of energy that is ecfual or 
greater than the amount of energy transferred to the 
output while one primary switch is conducting. 
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As shovm in Fig. la or lb, the switching ele- 
ments A' and B' on the secondary side are so connected 
that A' rectifies the current of winding S2 and B' 
rectifies the current of winding SI . The output cur- 
5 rent filter coil Sc is connected to the ground conduc- 
tor of the output. The output current filter capacitor 
Co is assumed to be ideal and very large, so it com- 
pletely smooths out the ripple of the output voltage 
Uo. The first and the second switching elements A, B 
10 are controlled by a suitable regulating circuit which 
keeps the output voltage Uo at a given value. In one 
embodiment, the secondary switching elements A' and B' 
work in opposite phase relative to the primary switch- 
ing elements A, B. The switching elements A, B, A', B' 
15 may be e.g. MOSFET transistors or corresponding power 
semiconductor switches. In one embodiment, switching 
elements A' , B' are implemented using diodes for the 
rectification. 

In the description of operation, the load is 
2 0 assumed to remain constant and therefore the control 
of the power semiconductors is also assumed to remain 
constant. In stable operating conditions, capacitor CI 
is charged to the supply voltage Ui via the primary 
windings PI - P4 . The switches A, B on the primary 
25 side are assumed to conduct in push-pull mode as 
stated above in the description of the input stage. 

When switch A is conducting, a current starts 
to flow from the supply voltage Ui through windings PI 
and P2 to ground. At the same time, capacitor CI be- 
30 gins to discharge through windings P3 and P4 . Thus, a 
potential egual to the supply voltage prevails across 
each pair of windings. The distribution of the current 
between the pairs of windings is a linear function of 
the pulse ratio. 
35 As the current in windings P2 and P4 is flow- 

ing out through the dotted end, the current in secon- 
dary winding SI is flowing in through the dotted end 
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and switching element B' conducts the current to the 
output. Similarly, in windings PI and P3 the current 
flows out through the dotted end, so in secondary- 
winding S2 a current tends to flow in through the dot- 
5 ted end. However, switching element A' blocks the flow 
of the current and therefore the current flowing 
through windings PI and P3 magnetizes the core of 
transformer Tl, in other words, the current stores en- 
ergy in the core of the transformer. The supply volt- 
10 age is distributed among the windings connected in se- 
ries in such manner that the voltage across windings 
P2 and P4 is limited by the output voltage Uo multi- 
plied by the transformation ratio. The rest of the 
voltage remains across windings PI and P3 . As the cur- 
15 rent is flowing through the coil connected to ground 
at the output, energy is stored in the coil. 

The filter coil Sc transfers the magnetic en- 
ergy stored in it to the output at an instant when 
neither one of the switches A, B is conducting. Thus, 
20 the filter coil Sc maintains the current at the out- 
put. At the same time, the magnetization energy of 
transformer Tl is discharged to the output. When 
switch B is conducting, the situation is the reverse 
of the situation where switch A is conducting. Trans- 
25 former Tl conducts current to the output and trans- 
former T2 stores energy in the magnetic field of the 
core material M. Due to these identical push-pull 
switching cycles, the transformers are symmetrical 
with respect to each other and a full wave rectifier 
3 0 can be used at the output. As the primary windings PI 
P4 are series connected, the voltage remaining 
across the energy storing transformer should be at 
least half the supply voltage, otherwise operation is 
not possible. 

35 If the operation is observed considering the 

magnetic aspects when switch A is conducting, the fol- 
lowing cix-cumstances can be recognized. Trans fonner T2 
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provides a magnetic path for the magnetic field which 
connects windings P2 and P4 to the winding SI conduct- 
ing the current to the output. At the same instant, 
transformer Tl functions as a coil connected in series 
5 with transformer T2 . Tl stores energy in the magnetic 
field in the air gap G. The energy stored in trans- 
former Tl is transferred to the output when the 
switches are in the non-conducting state, or at the 
latest when switch B is conducting. The operation 

10 could also be described as a series connection of buck 
and flyback type transformers in which the transform- 
ers interchange their functions in alternate cycles. 
With one of the transformers functioning as a coil, 
the properties of a current -fed power source are 

15 achieved. The current in the primary switches will not 
increase uncontrollably even if the secondary windings 
should be momentarily short-circuited. The increase of 
the primary current is limited to the level of the in- 
crease of the magnetizing current of the transformer 

20 functioning as a coil . 

The solution of the invention combines the 
magnetic paths of the magnetic components of the 
above-described power source with two transformers Tl , 
T2 and an output filter coil Sc. By combining the mag- 

25 netic paths, an integrated construction is achieved in 
which only one magnetic core M is needed instead of 
three cores as in the older solution. An analysis is 
performed in accordance with the notation used in Fig. 
5. In the analysis, flux models based on voltages are 

30 used. 

The operation is considered by dividing it 
into four time intervals. Time interval tO - tl repre- 
sents a situation where switch A is conducting, in 
time interval tl - t2 neither switch is conducting, 
35 switch B is conducting during t2 - t3, and during t3 - 
t4 neither switch is conducting. 
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At instant tO, switch A is turned on and a 
current starts flowing in the primary windings along 
the routes indicated by arrows lAl and IA2 . The volt- 
age across the windings produces a change in the mag- 
5 netic flux in the magnetic paths of the windings. The 
direction of the magnetic flirxes induced can be deter- 
mined by the . right hand rule. In Fig. 5, the flux di- 
rection is indicated on each leg of the component 
separately. The magnetic flux induced by the primary 
10 current induces a voltage in the secondary windings 
SI, S2 and in the center leg winding Sc. In the secon- 
dary windings, the polarities of the voltages are as 
follows. In winding S2 , the end connected to switching 
element A' gets a negative polarity and the end going 
15 to the center leg gets a positive polarity, in other- 
words, switching element B' blocks current flow in 
winding S2 . The end of winding SI connected to switch- 
ing element B' gets a positive polarity and the end 
going to the center leg gets a negative polarity, so 
20 switching element B' is forward biased and starts con- 
ducting. At the same time, the change in the center 
leg flux causes the grounded end of the center leg 
winding to become positive and the end connected to 
the secondary windings to become negative. The poten- 
25 tial difference produced across the ends of the center 
leg winding is smaller than the potential difference 
across the ends of secondary winding SI, so a current 
starts flowing through switching element B' to the 
output Uo . 

The primary and secondary windings are sub- 
ject to the same laws, so the flirx change produced by 
the primary winding on leg MSI of the core cannot ex- 
ceed the limit value determined by the output and cen- 
ter leg voltage. Due to the limitation imposed by the 
35 secondary winding, the input voltage is distributed 
with respect to the primary windings so that the volt- 
age remaining across the windings on leg MS2 is higher 
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than the voltage across the windings on leg MSI. For 
the magnetic flux, this means that the flux change on 
leg MSI is smaller than on leg MS2 . 

In Fig. 5, the magnitude and direction of 
5 flux change are represented by arrows, on leg MSI by- 
arrow <t>hl and on leg MS2 by arrow <DA2. Since the mag- 
netic flux is continuous, the center leg flux must 
equal the sum OAl - ^A2 of the magnetic fluxes on the 
side legs: It can be obse;rved that this summed flux 
10 magnetizes the center leg MK in the downward direc- 
tion. In fact, the magnetic flux on the center leg MK 
is also affected by winding Sc. 

Skipping time interval tl - t2, let us now 
consider time interval t2 - t3 . At instant t2 , switch 
15 B is turned on and a current starts flowing in the 
primary windings along the routes indicated by arrows 
IBl and IB2 . The voltage across the windings produces 
a change in the magnetic flux in the magnetic paths of 
the windings as in time interval tO - tl . The direc- 
2 0 tion of the magnetic fluxes induced can be determined 
by the right hand rule. In Fig. 5, the flux direction 
is indicated on each leg of the component separately. 
The magnetic flux induced by the primary current in- 
duces a voltage in the secondary windings SI, 32 and 
25 in the winding Sc on the center leg MK. 

In the secondary windings SI, S2 , the polari- 
ties of the voltages are as follows. In winding SI, 
the end connected to switching element B' gets a nega- 
tive polarity and the end going to the center leg MK 
30 gets a positive polarity, in other words, switching 
element B' blocks current flow in winding SI. The end 
of winding S2 connected to switching element A' gets a 
positive polarity and the end going to the center leg 
gets a negative polarity, switching element A' is for- 
35 ward biased and starts conducting. - 

At the same time, the change in the center 
leg flux causes the grounded end of the center leg 
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winding to become positive and the end connected to 
the secondary windings to become negative. The poten- 
tial difference produced across the ends of the center 
leg winding is smaller than the potential difference 
5 across the ends of secondary winding S2, therefore a 
current starts flowing through switching element A' to 
the output Uo. 

As a result of symmetric operation, the flux 
variation in the core M takes place symmetrically as 
10 compared with time interval tO - tl. In other words, 
the change in the flux produced by the primary winding 
on leg MS2 of the core M cannot be larger than the 
value to which it is limited by the output and center 
leg MK voltages. Due to the limitation imposed by the 
15 secondary winding, the voltage fed in is distributed 
with respect to the primary windings so that the volt- 
age remaining across the windings on leg MSI is higher 
than the voltage remaining across the windings on leg 
MS2. For the magnetic flux, this means that the flux 
20 change on leg MS2 is smaller than on leg MSI. 

In Fig. 5, the magnitude and direction of the 
flux change are represented by arrows, on leg MSI <DB1 
and on leg MS2 062. Since the magnetic flux is con- 
tinuous, the center leg flux must equal the sum OBl- 
25 0B2 of the magnetic fluxes on the side legs. It can be 
observed that this summed flux magnetizes the center 
leg MK in the downward direction. At this point, a 
significant difference from switching cycle tO - tl is 
observed. Although the operation is symmetrical, the 
30 polarity of the summed magnetic flux appearing on the 
center- leg MK is not reversed. The result is that a 
direct -current magnetic flux component is produced on 
the center leg MK. The existence of a direct -current 
component on the center leg MK means that there must 
35 be direct -current components on the side legs MSI, MS2 
as well. 
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In the switching cycle, time intervals tl - 
t2 and t2 - t3 are identical, so they can be described 
together in the analysis. At instant tl, switch A is 
turned off . A current flows in the primary windings as 
5 indicated in the description of the input stage, so 
the primary current has no effect on the magnetic flux 
of the component at all. The energy stored in the air 
gap G in the center leg MK is discharged, so the flux 
change on the center leg MK is in the same direction 
10 as it had been when the switch was conducting. Thus, 
the current in winding SI continues flowing in the 
same direction as when the switch was conducting. On 
leg MS2, the polarity of the magnetic flux is re- 
versed. The reversal of the direction of change in- 
15 duces in winding S2 a voltage that forward-biases 
switching element A' , and a current starts flowing to 
the output . The output current lo is divided almost 
equally between windings SI and S2 . On the center leg 
MK, too, a reversal of polarity of the change of mag- 
20 netic flux takes place. The positive end of the volt- 
age induced in the winding Sc on the center leg MK is 
on the secondary windings and the negative end is at 
ground. It can be established that the voltages in the 
secondary windings on the side legs MSI, MS2 and in 
25 the winding on the center leg MK are summed. 

Fig 6a - 6d present alternative embodiments 
of the primary side circuit to be used in the inven- 
tion. Fig. 6a presents an embodiment of a symmetrical 
push-pull circuit. In this embodiment, the common mode 
3 0 noise current switched through the stray capacitance 
between the primary and secondary sides can be reduced 
and rendered symmetrical on both side columns MSI, 
MS2 . Correspondingly, a disadvantage is floating con- 
trol of the primary side switching elements and the 
35 increase of the number of external ends of the primary 
winding from four to eight . The converter has two 
switching elements A, B and two capacitors CI, C2 ar- 
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ranged on the primary side so that the first switching 
element A is connected in series between two primary- 
windings PI, P2 and the second switching element B 
correspondingly in series between the other two pri- 
5 mary windings P3, P4 . The first capacitor CI is con- 
nected to the first side of the first switching ele- 
ment A and to the second, side of the second switching 
element B while the second capacitor C2 is connected 
to the 'Second side of the first switching element A 
10 and to the first side of the second switching element 
B. 

Fig. 6b presents a conventional push-pull 
circuit, in which case the integrated magnetic compo- 
nent functions in a manner corresponding to the above 

15 description. Arranged on the primary side of the con- 
verter are four windings PI , P2 , P3 , P4 so that two 
windings PI, P2 are connected in series around the 
first and second side legs MSI, MS2 . The magnetic flux. 
generated by windings PI, P2 flows in the same direc- 

20 tion on both side legs MSI, MS2 . The other two wind- 
ings P3, P4 are connected in a corresponding manner so 
that they produce a magnetic flux in the opposite di- 
rection relative to the former windings on the same 
side leg. Arranged on the primary side are two switch- 

25 ing elements A, B and a capacitor Ci, the first and 
the second switching elements A, B being connected at 
one end in series with two primary windings PI, P2 and 
at the other end to the second pole of the supply 
voltage Ui . The capacitor Ci is connected in parallel 

30 with the supply voltage Ui . 

Fig. 6c and 6d piresent half -bridge and full- 
bridge versions of the circuit. In these cases, one of 
the primary winding pairs is left out. 

In Fig. 6c, the prima3ry side is provided with 

35 two switching elements A, B, two capacitors Cl, C2 and 
two windings PI, P2 so that the switching elements A, 
B and capacitors Cl, C2 form a half -bridge circuit. 
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The windings PI, P2 are connected in series so that 
the magnetic flux generated by them flows in the same 
direction in both side legs MSI, MS2 and the windings 
are connected by one end between the switching ele- 
5 ments A, B and by the other end between the capacitors 
CI, C2. 

In Fig. 6d, the primary side is provided with 
four switching elements A, B, C, D, a capacitor Ci and 
two windings PI, P2 so that the switching elements 
10 form a full-bridge circuit. The capacitor Ci is con- 
nected in parallel with the supply voltage Ui . The 
windings PI, P2 are connected in series so that the 
magnetic flux generated by them flows in the same di- 
rection in both side legs MSI, MS2 and the windings 

15 are connected by one end between two switching ele- 
ments A, B and by the other end between the other two 
switching elements C, D. 

Fig, 7a - 7d present alternative embodiments 
of the secondary side circiiit to be used in the inven- 

20 tion. Fig. 7a presents another embodiment of a syn- 
chronous rectifier. In thiis solution, the drain poten- 
tial used for cooling remains stable, but a drawback 
is floating control of the switching elements A' , B' . 
The first end of the filter coil Sc winding is con- 

25 nected between the windings on the first and second 
side legs MSI, MS2 and the other end is connected to 
the first pole of the output voltage Uo of the con- 
verter. The secondary side is provided with a third 
and a fourth switching el-ement A' , B' connected in se- 

30 ries with the secondary winding, and the second pole 
of the output voltage Uo of the converter is pla-ced 
between the third and fourth switching elements A' , 
B' . 

Fig. 7b presents a circuit corresponding to 
35 the preceding one, except that the switching el-ements 
have been replaced with diodes. Provided on the secon- 
dary side are a first and a second diode Dl , D2 con- 



wo 00/70731 



PCT/FIOO/00441 



nected in series with the secondary winding SI, S2, 
the second pole of the output voltage Uo of the con- 
verter being disposed between the first and the second 
diodes Dl , D2 . 

5 Fig. 7d presents a solution for producing two 

output voltages with a common ground potential and in 
Fig. 7c with floating output voltages. In this case, 
at least two different voltage outputs Uol, Uo2 are 
provided on "the secondar;/ side, two windings being 

10 connected for each output voltage around the first and 
second side legs. A corresponding implementation, in 
which several secondary windings are provided on the 
secondary side, can be used to produce several differ- 
ent output voltages. 

1^ Fig. 8a and 8b present two embodiments of 

chopper regulators accordijig to the invention. Fig. 8a 
presents a push-pull synchronous buck- type regulator 
and Pig. 8b presents a push-pull synchronous boost- 
type regulator . 

20 The invention is not restricted to the exam- 

ples of its embodiments described above; instead, many 
variations are possible within the scope of the inven- 
tive idea defined in the claims. 



